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INTRODUCTION was RV (81). Furthermore, about half of the exacerbations in

Human rhinoviruses (RV) cause approximately half of all
common colds each year and account for the majority of re-
spiratory illnesses during the spring and fall. In addition to
contracting rhinitis, sinusitis, and middle-ear dysfunction, cer-
tain populations are at risk for developing lower respiratory
complications such as wheezing, small-airway obstruction,
bronchitis, and pneumonia during RV infections. These high-
risk populations include infants, the elderly, and people with
conditions associated with preexisting airway inflammation,
such as asthma, cystic fibrosis, and tobacco smoking. In this
review, we focus on the association between RV infections and
exacerbations of asthma and examine both potential mecha-
nisms linking these events and treatments designed to inter-
rupt these processes.

EPIDEMIOLOGY OF RHINOVIRUS INFECTIONS
AND ASTHMA

In children or adults with existing asthma, respiratory viruses
frequently trigger exacerbations of asthma (19, 81, 102, 104).
Initial studies designed to establish this relationship identified
respiratory pathogens in association with wheezing episodes by
culture or detection of increasing titers of virus-specific anti-
body (28, 104), however, these are relatively insensitive diag-
nostic techniques. Consequently, the development of reverse
transcription-PCR assays, which are much more sensitive for
detecting viruses than are standard cell culture techniques (9,
45, 82), provides a tool to more precisely define the effects of
respiratory viruses on asthma. Using PCR along with standard
viral diagnostic tests, Johnston et al. determined that 80 to
85% of school-aged children with wheezing episodes tested
positive for a virus and that the virus most commonly detected
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adults with asthma are associated with RV infection (102).
Moreover, virus-induced asthma may be severe: seasonal pat-
terns of upper respiratory virus prevalence correlate closely
with hospital admissions for asthma, especially in children (80).
Furthermore, RV and other respiratory viruses are frequently
detected in children hospitalized for asthma (82). Together,
these studies indicate that viral infections, and particularly
respiratory illnesses from RV, are the most common cause of
asthma exacerbations in children and also contribute substan-
tially to the asthma morbidity in adults.

In addition to epidemiologic studies linking respiratory viral
infections to exacerbations of asthma, there is clinical evidence
to implicate respiratory allergies as a risk factor for developing
lower airway symptoms during infections with RV. For exam-
ple, Duff et al. evaluated risk factors for wheezing in infants
and children who presented to a hospital emergency depart-
ment (31). Wheezing children older than 2 years were more
likely to have respiratory allergies (odds ratio [OR] = 4.5) or
a confirmed viral infection (OR = 3.7) than were children
without wheezing. Children with the greatest risk (OR = 10.8)
for wheezing were those who had both respiratory allergies and
a viral infection. These findings indicated that viral infections
and respiratory allergies may have synergistic inflammatory
effects on lower-airway physiology that greatly increase the
likelihood of wheezing.

Together, these studies indicate that infections with RV and
other respiratory viruses frequently exacerbate of asthma and
suggest that there may be specific interactions between viral
infections and the variations in airway biology produced by
respiratory allergies or asthma. Since bronchospasm during
asthma is a result of airway inflammation and hyperrespon-
siveness, the effects of viral infections on these conditions are
of special interest. In this review, we explore potential mech-
anisms by which respiratory viruses affect lower-airway func-
tion and/or inflammation to produce small-airway obstruction,
wheezing, and asthma.
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RHINOVIRUS INFECTIONS AND AIRWAY
HYPERRESPONSIVENESS

One of the cardinal features of asthma is airway hyperre-
sponsiveness, which is defined as the increased sensitivity of
the small airways to bronchoconstriction in response to inhaled
substances, such as histamine or methacholine. It is therefore
of great interest that viral respiratory infections can transiently
increase airway responsiveness in humans and in animals. In-
creased airway responsiveness usually begins early during the
acute viral infection and can be observed in response to inha-
lation of histamine, methacholine, citric acid, or allergen (14,
33, 43, 86, 87, 89, 120, 127). The use of an experimentally
induced infection of volunteers with RV or influenza viruses
has enabled longitudinal examination of lung physiology be-
fore, during, and after infections. Cheung et al. (24) inoculated
14 subjects with mild asthma with either RV16 (type 16 rhino-
virus) or placebo and found that airway responsiveness tran-
siently increased during the acute infection, and returned to
baseline levels by 1 week after the inoculation. In addition to
increasing the sensitivity of the airway, RV16 infection in-
creased the maximal response to inhaled methacholine, and, in
contrast to changes in airway responsiveness, the maximal re-
sponses remained elevated for up to 15 days after the acute
infection. Thus, viral infections can enhance both the reactivity
of the lower airway and the magnitude of bronchoconstriction
in response to inhaled contractile substances in asthma, and
the latter effect can persist for weeks after the acute infection.

Some studies of normal and allergic volunteers have not
found changes in lower-airway physiology after experimental
infection (4, 63, 116, 117, 122). The reasons for the variability
of lower-airway effects after experimental inoculation are not
established but may be related to differences in host factors,
inoculation technique, timing of the histamine challenge, viral
inocula, or severity of the induced colds. It is also possible that
there are inherent differences in the pathogenicity of different
RV serotypes, since lower-airway changes have generally been
observed with RV16, but less often with RV39 or RV2. Alter-
nately, since picornaviruses mutate rapidly, viruses used in
human inoculation studies may have been attenuated by being
grown in tissue culture. It should be noted, however, that a
large number of RV serotypes can affect lower-airway physi-
ology during natural infections: more than 30 serotypes have
been cultured from patients with concurrent acute asthma
symptoms and upper respiratory infection (28). This indicates
that although some serotypes may indeed be more likely to
induce wheezing in asthma, this property is not confined to a
small subset of highly pathogenic serotypes. Finally, the selec-
tion criteria for study subjects could bias the outcome of ex-
perimental RV infections in that, for ethical reasons, asthmatic
children or individuals with a history of severe or frequent
virus-induced exacerbations of asthma may be excluded from
such studies.

There is evidence that allergy and asthma can influence the
effect of respiratory viral infection on airway responsiveness.
Experimental infection with RV16 induces greater changes in
airway responsiveness in volunteers with respiratory allergy
(14, 50) or mild allergic asthma (43) than in normal control
subjects (Fig. 1). In addition, RV-induced increases in airway
responsiveness were greater in subjects with lower baseline
pulmonary function (forced expiratory volume in 1 [FEV,]),
suggesting that virus-induced changes in airway responsiveness
can be influenced by baseline lung function (50).

When considered together, these studies suggest that factors
related to both the host and the virus determine the effects of
respiratory viral infections on airway responsiveness. Despite
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FIG. 1. Effect of allergy on RV16-induced changes in lower-airway histamine
responsiveness. Subjects were grouped according to the presence or absence of
allergy, and histamine PD,, was plotted precold (pre), and 2 days following
RV16 inoculation (cold). Heavy horizontal lines represent group mean data. n.s.,
not significant. Reprinted from reference 50 with permission of the publisher.

the limitations of experimental techniques for inducing viral
infections, these studies have provided evidence that factors
such as allergy and baseline FEV, can influence the changes in
lower-airway physiology caused by RV infection and may con-
tribute to the increased lower-airway effects of RV infection in
subjects with asthma.

MECHANISMS OF VIRUS-INDUCED AIRWAY
OBSTRUCTION AND ASTHMA

Effects of Virus on the Lower Airway: Study Designs

Studies to determine the mechanisms by which viruses cause
lower-airway dysfunction are hampered by the difficulty in
sampling lower-airway cells and secretions and safety concerns
in performing bronchoscopy in patients with acute virus-in-
duced airway obstruction. Several experimental approaches
have been used to deal with these constraints, including the use
of animal models and sampling of upper-airway cells and se-
cretions. Animal models have provided many insights into po-
tential mechanisms linking viral infections and lower airway
effects, but there are species-specific differences that can limit
the interpretation of these data. For example, guinea pigs
develop an accentuated eosinophilic response to viral infection
(131) compared to most other species. Furthermore, there is
no animal model for RV infection: major-group RV do not
bind to mouse intercellular cell adhesion molecule type 1
(ICAM-1), and although minor-group RV bind to mouse ep-
ithelial cells, replication occurs only in the presence of systemic
immunosuppression.

The upper airway provides a readily accessible model to
study interactions between viral infections, allergic inflamma-
tion, and airway dysfunction. It is reasonable to assume that
allergen- or virus-induced epithelial-cell inflammatory re-
sponses are similar in the upper and lower airways. Analysis of
virus-induced effects on upper-airway cells and secretions can
therefore provide clues about lower-airway pathologic findings,
and in some studies, changes in upper respiratory cells or
mediators have correlated with virus-induced lower-airway
dysfunction (Table 1). These studies suggest either that virus-
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TABLE 1. RV-induced immune responses and association with clinical observations®

Immune response Location” Associated clinical observations” Reference(s)

Upper airway

1 Kinins NS 1 Symptom scores 98

1 Neutrophils or myeloperoxidase NS 1 Symptom scores 91, 98, 125

| Lymphocytes Blood 1 Symptom scores 90

1 Lymphocytes NS 1 Symptom scores 91

1 RV-specific T-cell proliferation Blood 1 Nasal mucus 75

1 Albumin NS 1 Symptom scores 98

1 IL-1 NS 1 Symptom scores 105

1 IL-2 (ex vivo) Blood | Nasal mucus, | duration of viral shedding 75

1 IL-6 NS 1 Symptom scores 139

1 IL-8 NS 1 Symptom scores 58, 130
Lower airway

1 Eosinophil cationic protein Sputum 1 Airway responsiveness 57

| Lymphocytes Blood 1 Airway responsiveness, MFEV, 24, 43

1 Neutrophils NS 1 Airway responsiveness 58

1 IL-8 NS 1 Airway responsiveness 58

1 IL-11 NS Wheezing 32

“ Modified from reference 39 with permission of the publisher.

b Abbreviations: NS, nasal secretions; MFEV |, maximum fall in forced expiratory volume, during a methacholine challenge.

induced changes in the upper airway cause lower-airway dys-
function or, more probably, that sampling of upper-airway
events provides an approximation of changes that occur in the
lower airway.

Despite these similarities, differences in the upper- and low-
er-airway environment (i.e., neutrophils are found in upper
airway secretions, while macrophages predominate in bron-
chial secretions) could produce site-specific differences in vi-
rus-induced immune responses. It is therefore important to
validate observations in the upper airway with studies of lower-
airway cells and secretions. Studies involving bronchoscopy
have generally been limited to include patients with allergic
rhinitis or mild asthma because of safety concerns. Recently,
studies have been conducted to evaluate changes in sputum
biology during respiratory viral infections (35, 37), and this
technique provides a relatively noninvasive means of examin-
ing lower-airway inflammatory changes during viral infections.
The ability to repeatedly sample lower-airway cells during a
respiratory viral infection is likely to provide additional insights
into mechanisms of pathogenesis.

Site of Infection during Virus-Induced Wheezing

There is little doubt that infections with respiratory viruses
such as influenza virus, respiratory syncytial virus, and parain-
fluenza virus can extend to lower-airway tissues, thereby induc-
ing tissue inflammation and lower-airway obstruction. It re-
mains to be established, however, whether RV infections
extend into the lower airway during exacerbations of asthma
and whether this is a mechanism of increased asthma severity.
If RV infection does involve the lower airway, this suggests
that viral replication in the lower airway could trigger a local
inflammatory response and directly enhance preexisting airway
inflammation. Alternatively, RV infection could be confined to
the upper airway in asthma, and symptoms could be increased
through remote mechanisms (Fig. 2).

The former scenario seems more likely, however, based on
several studies that support the concept that RV is a lower-
airway pathogen. For example, some (73, 84, 96) but not all
(26, 70) epidemiologic studies have linked RV to lower-airway
syndromes such as bronchitis, bronchiolitis, and pneumonia.
There are also reports of fatal RV pneumonia in children,

including a case in which RV was recovered from lung tissue at
autopsy (88). In addition, RV is frequently detected in the
nasal secretions of elderly individuals with lower respiratory
tract symptoms (101). Obtaining lower-airway secretions to
culture RV has remained a problem, since samples obtained
via sputum induction or bronchoscopy may be contaminated
with material from the upper airway (65). Given this limitation,
several studies have attempted to detect RV in lower-airway
samples. Horn et al. performed viral cultures on samples from
children with wheezy bronchitis and found that RV was ob-
tained about twice as often from the sputum than from samples
from the nose or throat (74). Furthermore, in experimentally-
infected volunteers, RV has been cultured from lower-airway
brushings (64) and RV16 RNA has been detected by reverse
transcription-PCR in bronchial lavage cells (53). Furthermore,
there are preliminary data to indicate that RV RNA can be
detected in bronchial biopsy tissue by in situ hybridization (15).
These data suggest that, at least under some conditions, RV
infections extend into the lower airway and that replication of
RV in bronchial epithelial cells and the induction of lower-
airway inflammation could contribute to the pathogenesis of
virus-induced exacerbations of asthma.

. Infection of cells in the lower airway
s} Local inflammatory effects
[} Virus-induced cellular destruction or dysfunction
. Infection of upper (not lower) airway cells with:
o Aspiration of pro-inflammatory mediators into the lower airway
o Systemic immune activation

Locally-derived cytokines enter the circulation and

= Induce bone marrow leukopoeisis and/or
L] Activate cells in the lung
o Leukocytes are activated in the upper airway, enter the systemic circulation, and

are recruited to the lung

FIG. 2. Potential mechanisms for lower-airway dysfunction caused by RV
infections.
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Effects of Viral Infections on Neural Regulation
of the Airway

Although neural mechanisms of virus-induced bronchocon-
striction and airway obstruction are of great interest, they are
particularly difficult to study in humans, because definitive
experiments often require the disruption of neural tissue. Con-
sequently, much of our understanding has been gained through
the use of animal models infected with respiratory viruses
other than RV. Viral infections could potentially cause bron-
choconstriction and increased airway responsiveness by en-
hancing parasympathetic bronchoconstrictive responses, by
stimulating reflex bronchospasm or neuropeptide release from
sensory C fibers, or by interfering with the function of nonad-
renergic, noncholinergic neurons, which produce the potent
bronchodilator nitric oxide. Each of these mechanisms has
been explored, and they the subject of recent reviews (12, 39,
41). Further advances in the understanding of virus effects on
neural control of the airways await the development of new
specific antagonists of neural pathways or the development of
new experimental techniques. In addition, there is relatively
little information about the interface between airway inflam-
mation and neural dysregulation, and more research is needed
to define these pathways.

Effects of Rhinovirus on Cellular Inflammation

Although the precise mechanisms by which RV cause symp-
toms are unknown, there is increasing evidence that the im-
mune response induced by the virus plays a major role in
symptom pathogenesis. For example, RV infections provoke
symptoms of asthma but do not cause extensive epithelial-cell
destruction (133). Second, several investigators have found
that levels of mediators (kinins) or cytokines (interleukin-1
[IL-1], IL-8, and IL-11) correlate with the severity of respi-
ratory symptoms during respiratory infections (Table 1).
Whether these factors are participating in symptom pathogen-
esis or are markers of inflammatory cell activation has not yet
been established. Third, there is evidence to support the role of
the immune response to viruses in symptom pathogenesis in
animal models of viral infection. For example, virus-induced
airway hyperresponsiveness can be passively transferred in
guinea pigs by passive infusion of bronchial alveolar lavage
cells from infected animals (42), and morbidity and mortality
of viral infections in mice is increased after passive transfer of
certain virus-specific T cells (2, 3, 23).

These data indicate that the immune response to viral in-
fections, although important in the clearance of viral infec-
tions, can also contribute to pathologic changes in the airway.
The immune responses to viruses and allergens are complex,
and both involve multiple airway cells, cytokines, and media-
tors. Since cytokines are major regulators of inflammation as-
sociated with respiratory allergies and asthma, it seems likely
that virus-induced cytokines secreted by lower-airway cells
could augment existing airway inflammation and consequently
adversely affect lung physiology. In addition, several cells are of
particular interest in the context of virus-induced exacerba-
tions of asthma.

Epithelial cells. The respiratory epithelial cell is the host cell
for RV replication, and the degree of RV replication in the
epithelial cell strongly influences the severity of respiratory
symptoms associated with RV colds. Studies in which shielded
catheters were used to map patterns of RV infection in vivo
have demonstrated a patchy pattern of infection throughout
the nasal cavities and nasopharynx (134). This concept has
been confirmed at the cellular level: analysis of infected tissue
by in situ hybridization has shown that only a subset of epithe-
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lial cells are infected (7, 8, 13). The susceptibility of epithelial
cells to infection with RV may be determined by the density of
viral receptors on the cell membrane. Specialized nonciliated
cells in the lymphoepithelium of adenoidal tissue express large
amounts of ICAM-1, the receptor used by over 90% of RV
serotypes (134a). This high expression of ICAM-1 may make
these cells especially susceptible to RV infection (8). It is
possible, but as yet unproven, that increased ICAM-1 expres-
sion in the lower airway renders patients with asthma, or other
disorders characterized by chronic airway inflammation, more
susceptible to RV infections of the lower airways.

Peak viral titers in nasal secretions correlate with the max-
imum severity of cold symptoms (50, 54), and during asthma
exacerbations, lower-respiratory tract symptoms are worse in
patients with severe upper-respiratory tract symptoms (58, 94,
95). Moreover, the epithelial cell, once regarded as a passive
host for respiratory virus infection, is now recognized as play-
ing an active and important role in airway immune responses
through secretion of a broad array of cytokines and mediators
with chemotactic and inflammatory effects. Studies of epithe-
lial cells or cell lines indicate that in vitro inoculation with RV
induces the secretion of IL-1B, IL-6, IL-8, IL-11, tumor necro-
sis factor alpha (TNF-a), RANTES, and granulocyte-macro-
phage colony-stimulating factor (29, 32, 46, 79, 119, 121, 124,
138). Several of these cytokines have profound effects on in-
flammatory cells that can potentiate asthma. For example,
RANTES is a chemoattractant for eosinophils and memory T
cells, and IL-8 is a chemoattractant for neutrophils and acti-
vated eosinophils: recruitment of these cell types could en-
hance airway inflammation and increase airway obstruction
(83, 136). Furthermore, granulocyte-macrophage colony-stim-
ulating factor increases eosinophil survival in vitro and is a
cofactor for eosinophil superoxide production and degranula-
tion (92, 99, 115). IL-11 is secreted in very large amounts after
epithelial cells are infected with RV or RSV in vitro and may
have direct effects on bronchial hyperresponsiveness (32, 123).

There are data to suggest that there may be quantitative
differences in virus-induced cytokine secretion related to
wheezing illnesses and asthma. Einarsson et al. analyzed nasal
secretions from patients with either upper respiratory symp-
toms or wheezing associated with a viral respiratory infection
(32), and IL-11 levels in nasal secretions were significantly
increased in the patients with wheezing. IL-11 is of particular
interest in light of two recent murine studies in which IL-11
administration to normal mice caused airway hyperresponsive-
ness (32) and targeted airway expression of IL-11 in transgenic
mice caused airway inflammation and hyperresponsiveness
(123).

In addition, Griinberg and colleagues analyzed IL-8 levels in
the nasal secretions of volunteers with allergic asthma after
experimental inoculation with either RV16 or a placebo (58).
IL-8 levels were increased in the nasal secretions of subjects
who were inoculated with RV16 but not in those given the
placebo. Furthermore, the quantity of IL-8 detected 2 days
after inoculation significantly correlated with cold and asthma
symptom scores and with increases in airway hyperresponsive-
ness. Together with the findings of Einarsson et al. (32), these
data suggest that greater amounts of cytokines are generated in
respiratory viral infections that are associated with adverse
effects on the lower airway.

Viral infections damage respiratory epithelium to a variable
extent and could reduce the synthesis of enzymes that have
anti-inflammatory effects. For example, airway epithelial cells
synthesize histamine methyltransferase and neutral endopep-
tidase, the enzymes that metabolize histamine and tachykinins
(e.g., substance P), respectively (100). Damage to epithelial
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cells could lead to decreased production of these molecules
and thus enhance airway inflammation or obstruction during
viral infections.

In addition, airway epithelial cells express both constitutive
and inducible forms of nitric oxide synthase and may be an
important source of nitric oxide. Exhaled nitric oxide (NO) is
increased during asthma and is increased in some (25, 85) but
not all (37) studies of upper respiratory infections; it could
have complex effects on airway physiology. On the one hand,
NO is a potent vasodilator, which might increase airway wall
edema and thereby increase nasal or bronchial airway obstruc-
tion. In contrast, the effects of NO that could be beneficial
include inhibition of viral (including RV) replication (112) and
bronchodilation through relaxation of bronchial smooth mus-
cle. Findings in volunteers with asthma suggest that the overall
effect of NO is positive, since greater NO production during
experimentally induced RV infections correlated with a
smaller increase in airway responsiveness (25). Similar trends
were noted in a study of guinea pigs inoculated with parain-
fluenza type III virus (40). In these experiments, virus-induced
increases in airway responsiveness were prevented by treat-
ment with an aerosol containing L-arginine, a nitric oxide pre-
cursor.

Endothelial cells. Endothelial cells are likely to contribute to
airway dysfunction during respiratory illnesses through at least
two pathways. First, endothelial cells could have a major im-
pact on airway inflammation and respiratory symptoms
through their role in recruiting leukocytes to the airway during
RV infections. Second, RV infections quickly cause transuda-
tion of plasma proteins from the vascular tissue of the nasal
mucosa, leading to increased nasal secretions and congestion
(77). Peak levels of plasma proteins such as albumin and im-
munoglobulin G (IgG) coincide with the time of maximal cold
symptoms (77) and increases in bronchial responsiveness (24),
suggesting that similar processes occur in the lower airway.
Activation of kinins has been advanced as a possible mecha-
nism for cold-induced increased endothelial-cell permeability
(98, 106); however, clinical trials have so far failed to confirm
this hypothesis. For example, the bradykinin antagonist NPC
567 did not improve cold symptoms (72), and oral prednisone
therapy decreased kinin levels in nasal secretions without re-
ducing cold symptoms (59). Thus, increased vascular perme-
ability contributes to cold symptoms and may also produce
lower-airway obstruction and increased symptoms of asthma,
but the mechanisms by which viral infections increase vascular
permeability are as yet unclear.

Granulocytes. Granulocyte recruitment and activation are
likely to contribute to airway dysfunction during RV infections.
Neutrophils are the main cells recruited to the airway during
the acute stages of a cold (34, 91, 128, 133), and this is likely to
be in response to chemotactic factors such as IL-8 and leuko-
triene B, (6, 17, 38, 58, 125, 137). Respiratory viruses can
activate neutrophil inflammatory functions, as indicated by
enhancement of superoxide responses, chemotaxis, and adhe-
sion (20, 108).

Evidence that neutrophils may participate in the pathogen-
esis of virus-induced asthma exacerbations is derived from
several human studies. Neutrophils comprise the majority of
nonepithelial cells in sputum during acute exacerbations of
asthma, of which approximately 50% are associated with symp-
toms of the common cold (35). Furthermore, in subjects with
atopic asthma experimentally infected with RV16, peripheral-
blood neutrophil counts correlated with cold and asthma
symptom scores and with cold-induced changes in airway hy-
perresponsiveness (58). These data are consistent with the
hypothesis that neutrophils contribute to the pathogenesis of
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respiratory symptoms induced by RV infection, and this could
occur through the generation of superoxide or the release of
cytokines. One potential mechanism to explain the association
between neutrophils and increased airway symptoms is that
neutrophil proteases are potent secretagogues for airway sub-
mucosal glands (114) and that increased mucus production
could further contribute to airway obstruction during viral in-
fections of the lower airway.

Although the neutrophil is the predominant cell found in
nasal secretions during acute viral infections, eosinophil gran-
ular proteins have also been detected in the nasal secretions of
children with wheezing illnesses caused by RV or respiratory
syncytial virus (47, 71). In addition, increases in sputum eosin-
ophilic cationic protein (ECP) during the acute phase of ex-
perimentally induced RV infection correlated with increased
airway responsiveness in a group of adult asthmatics after
experimental inoculation with RV16 (57). Experiments con-
ducted in vitro indicate that RV do not activate eosinophils
directly (66), and so it is likely that eosinophil activation is
secondary to the activity of virus-induced mediators or cyto-
kines secreted by T cells, epithelial cells, or other airway cells
(55). Together, these studies provide evidence that viral infec-
tions can trigger increased recruitment and activation of eo-
sinophils, and they suggest that eosinophils contribute to virus-
induced airway hyperresponsiveness. Although these data are
intriguing, additional information is needed to clarify the con-
tribution of eosinophil recruitment and activation to the patho-
genesis of respiratory symptoms in virus-induced exacerbations
of asthma.

Macrophages. Airway macrophages are likely to be involved
in antiviral immune responses because they express ICAM-1
(the receptor for major-group RV), bind RV in vitro, and
secrete cytokines that have antiviral (alpha interferon [IFN-a])
and/or proinflammatory (IL-1 and TNF-a) effects (52, 67).
Nasal secretions of RV-infected volunteers or children with
naturally acquired upper respiratory infections contain IL-1
(103, 105), which can cause systemic symptoms such as fever
and/or malaise that are commonly associated with RV colds in
children (27). In addition, airway macrophages incubated with
RV in vitro secrete TNF-a (52); this cytokine can increase the
expression of ICAM-1 and other adhesion molecules on a
number of different cell types (111), and its presence has been
closely associated with wheezing illnesses in infancy (11) and
the development of the late-phase allergic reaction and asthma
(5, 56). TNF-a also increases the susceptibility of an epithelial
cell line (BEAS2B) to become infected with major-group RV,
probably by increasing the expression of ICAM-1 receptors
(121). Thus, macrophages have the capacity to contribute to
early antiviral immune responses but also could increase air-
way inflammation, leading to increased respiratory symptoms.

T lymphocytes. T-cell responses may be of particular impor-
tance because of their central role in orchestrating immune
responses to both allergens and viruses, through the regulation
of effector cells that are virucidal and/or cause airway inflam-
mation. Respiratory viral infections induce specific and non-
specific T-cell activation, and there is evidence linking these
T-cell responses to asthma disease severity during viral infec-
tions (49). RV infection is usually accompanied by peripheral-
blood lymphopenia, and the degree of lymphopenia correlates
with severity of cold symptoms (90) and changes in airway
responsiveness (24, 43). Moreover, lymphocyte numbers are
increased in the nasal secretions and lower-airway epithelium
during acute RV infection, coincident with increases in airway
responsiveness (43, 91).

Natural killer cells, CD4" T cells, and CD8* T cells all
participate in antiviral immune responses. Cytotoxic CD8" T
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cells are a major source of IFN-vy during viral infections, and
they exert potent antiviral activity by lysing virus-infected cells.
CD4™" T cells have less cytotoxic potential but can direct im-
mune responses through the secretion of cytokines. Studies of
mice have shown that synthesis of IFN-y, IL-4, IL-5, and IL-10
is increased in the lungs during respiratory viral infection (16,
113), indicating that viral infections induce a broad array of
cytokines. The balance of Th1- and Th2-like responses is likely
to be important in coordinating both cytotoxic and antibody
responses to viral infection, which provide antiviral activity and
immunity to reinfection, respectively.

Virus-specific T-cell responses are generally not detectable
in the airway or blood until 7 to 10 days after inoculation with
virus. This time delay raises questions about whether virus-
specific T cells contribute to virus-induced asthma symptoms,
which often begin during the first few days of the respiratory
infection. With this in mind, there are three possible scenarios
to describe T-cell involvement in the pathogenesis of virus-
induced exacerbations of asthma: (i) T cells help to clear viral
infections but do not contribute to asthma symptoms; (ii) virus-
specific T-cell responses contribute to asthma symptoms, but
only during the latter stages of viral infections; or (iii) viral
infections rapidly activate T cells, which contribute to airway
inflammation and symptoms during the entire illness.

Experiments with mice indicate that the majority of T cells
attracted to the lungs during an acute viral infection are not
virus specific (30), and there is evidence that experimentally
induced RV infection produces both antigen-dependent and
antigen-independent T-cell activation (75). These observations
suggest that viral infections can activate a broad range of T
cells and raise the possibility that this effect contributes to
airway inflammation and dysfunction. Several mechanisms for
the rapid activation of T cells have been proposed. For exam-
ple, T-cell responses induced by either influenza virus or RV
can be cross-reactive among different viral serotypes (51, 109,
132). Since both of these viruses cause recurrent infections
with different serotypes, part of the T-cell response could be a
memory response, which would be expected to have faster
kinetics and potentially be of a greater magnitude than a pri-
mary T-cell response. In addition, the large number of cyto-
kines and mediators generated during a viral infection could
activate lung T cells in an antigen-independent manner
through “bystander” effects. In support of this hypothesis, in
vitro incubation of RV with peripheral blood mononuclear
cells causes activation of 25 to 50% of T cells, as indicated by
expression of the early activation marker CD69 and production
of IFN-y mRNA and protein (55). This effect is mediated by
soluble factors secreted by RV-activated monocytes and does
not require antigen presentation to the T cells. Antigen-inde-
pendent T-cell activation can also be observed in mice during
a systemic viral infection (lymphocytic choriomeningitis virus)
(126) and in vitro by incubating T cells with high concentra-
tions of RANTES, a chemokine induced by respiratory viruses
(10). Together, these studies indicate that RV infections could
cause nonspecific T-cell recruitment and activation early dur-
ing the course of infection and suggest that these effects could
significantly augment airway inflammation and thus contribute
to respiratory symptoms.

Interactions between Allergic Inflammation
and Viral Infections

To test the hypothesis that viral infections enhance preex-
isting airway inflammation due to allergy, several studies have
been conducted to measure lower-airway responses to allergen
in subjects with allergic rhinitis before, during, and after ex-
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perimental inoculation with RV (21, 22, 48, 50, 89). RV infec-
tions increased airway responsiveness to histamine, methacho-
line, and allergen and increased the probability of developing
a late asthmatic response after whole-lung antigen inhalation
(89). The effects of RV on airway responsiveness were most
pronounced in subjects who developed a late allergic response
after allergen inhalation (22). Furthermore, subjects who de-
veloped a late allergic response to allergen after RV infection
also had a greater increase in histamine levels in plasma after
the inhaled allergen challenge (22).

In studies involving bronchoscopy, RV infection caused an
increased release of histamine into the lower airways after
segmental allergen challenge and augmented the recruitment
of both total leukocytes and eosinophils into the airway 48 h
after allergen challenge (21). These effects were noted only in
allergic individuals, indicating that RV infection specifically
enhanced allergen-induced responses in the airway. In a sep-
arate study of subjects with asthma experimentally infected
with RV16, immunohistochemistry of bronchial biopsies re-
vealed that both T cells and eosinophils are recruited to the
lower airway during the acute infection (43). Asthmatic sub-
jects differed from normal controls in having persistent in-
creases in the numbers of lower-airway eosinophils when they
were reevaluated 4 weeks after inoculation. Thus, these data
show that RV infection can intensify both the immediate and
late responses to allergen challenge and that this is accompa-
nied by increasing mast cell or basophil mediator release and
the recruitment of eosinophils to the lower airway.

Anecdotal reports suggest that the development of allergic
symptoms in young children is sometimes preceded by a viral
respiratory infection (44), prompting speculation that com-
mon-cold viruses might participate in the initiation of respira-
tory allergies. Recently, a mechanism for the stimulation of
IgE synthesis by viral infections was been proposed. Infection
of a B-cell line with either RV14 or RV16 caused activation of
the double-stranded RNA-dependent protein kinase and an
increase in Ig isotype switching to IgE (107). Furthermore,
RV39 inoculation was found to increase total IgE levels but
not levels of allergen-specific IgE in a group of experimentally
infected volunteers (118). Additional studies are needed to
determine whether this effect is reproducible and is of clinical
relevance.

SUMMARY AND THERAPEUTIC IMPLICATIONS

In older children and adults, common-cold viruses, such as
RV, that produce relatively mild symptoms in most individuals
can trigger severe episodes of lower-airway dysfunction in the
presence of asthma. There is now evidence that the immune
response to respiratory viral infections, although critical to
clear virus from the airway, also contributes to airway obstruc-
tion and respiratory symptoms. The mechanisms by which
these changes occur are not fully established but appear to be
associated with the ability of respiratory viruses to induce the
production of proinflammatory cytokines and mediators (Fig.
3). This inflammatory cascade, together with direct effects of
viral infections on the airway mucosa, activates neural mech-
anisms to enhance airway hyperresponsiveness and airway ob-
struction. In the context of asthma, the immune response to
respiratory viruses can enhance preexisting airway inflamma-
tion, which leads to clinical exacerbations.

This model suggests several opportunities, and a number of
challenges, for the design of therapeutic interventions for vi-
rus-induced lower airway dysfunction (Fig. 3). Given the large
number of RV serotypes, vaccination is not a viable option.
However, several classes of anti-RV medications have been
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FIG. 3. Mechanisms of RV-induced exacerbations of asthma, and therapeutic implications. See the text for details. Abbreviations: SICAM-1, soluble ICAM-1; PKR,

double-stranded-RNA-activated protein kinase; CS, corticosteroids.

developed and are now in various stages of clinical trials. For
RV infection, prophylactic use of topical IFN-a, soluble
ICAM-1, or capsid binding agents that prevent viral binding or
uncoating can prevent infections (67, 69, 76, 110, 129). The
clinical utility of these medications is limited, however, since
they are generally ineffective if their use is delayed until after
the onset of symptoms (1). In addition, IFN-« administered to
patients with chronic respiratory diseases (including asthma)
after close contact with people with upper-respiratory symp-
toms does not prevent cold-related lower-respiratory symp-
toms (135). With the success of protease inhibitors for the
treatment of human immunodeficiency virus infections, there
is renewed interest in finding specific inhibitors of RV pro-
teases, and several compounds have shown promising results in
vitro (93). Finding a broad-spectrum anti-RV agent that is
affordable and safe enough to be used for cold prophylaxis
remains a major challenge.

Peak upper-respiratory symptoms typically coincide with
peak viral titers in nasal secretion, and by this time it is prob-
ably too late to modify the disease course with antiviral med-
ications. Instead, therapy at this stage is aimed at either reduc-
ing virus-induced immune responses or providing symptomatic
relief. Recent well-powered clinical studies have demonstrated
that certain common-cold symptoms are amenable to treat-
ment. For example, first-generation antihistamines such as
clemastine and brompheniramine reduce sneezing and rhinor-
rhea, although these medications may produce side effects such
as drowsiness (60, 61). In addition, topical vasoconstrictors and
anticholinergic agents can temporarily relieve nasal congestion
and rhinorrhea, respectively (37, 68). Whether the statistically
significant yet clinically incomplete symptom relief provided by
these medications justifies the cost and side effects associated
with therapy continues to be debated.

A number of studies have evaluated the effects of dietary
supplements such as vitamin C or zinc on common-cold symp-
toms. Zinc lozenges reduced cold symptoms in some but not all
placebo-controlled clinical trials, but their side effects such as
bad taste and nausea make it difficult to conduct a truly blinded
trial (62, 78, 97). Vitamin C therapy does not prevent colds

from occurring, although some studies have found that it short-
ens the duration or severity of colds (reviewed in reference 28).

For virus-induced exacerbations of asthma, the most effec-
tive treatment now available is to prescribe a short “burst” of
oral corticosteroid early during the course of a viral respiratory
infection (18). Despite their proven efficacy in lessening the
lower-airway consequences of viral respiratory infections in
patients with asthma, systemic corticosteroids have little effect
on common-cold symptoms (36, 59), indicating that the mech-
anisms that cause upper- and lower-respiratory symptoms as-
sociated with RV infection may be distinct. The use of systemic
corticosteroids may be associated with side effects, and it is
clearly desirable to develop treatments that inhibit the proin-
flammatory effects of viral infections while avoiding immuno-
suppression and corticosteroid-induced morbidity.

RV infections induce a host of immunologic changes in the
blood and airways, and some of these responses have been
correlated with cold symptoms, changes in airway responsive-
ness, or lower-airway symptoms (Table 1). It remains to be
determined which of these factors participate in the pathogen-
esis of respiratory symptoms and which are merely indicators
of an ongoing immune response. In any case, since many of
these cells, cytokines, and mediators have overlapping inflam-
matory effects, it seems unlikely that therapeutic approaches
aimed at inhibiting any one factor will reverse the effects of RV
on airway function. Intracellular mechanisms by which viruses
activate cytokine genes are now being defined, with the hope
that viruses may trigger a common signaling pathway(s) that
leads to the activation of multiple proinflammatory genes. For
example, NF-kB activation appears to be essential for RV-
induced synthesis of the proinflammatory cytokines IL-6 and
IL-8 (138, 139), and this would seem to be a reasonable target
for future strategies to decrease virus-induced inflammation.

Finally, basic questions about the pathogenesis of RV infec-
tions in patients with asthma remain unanswered. The specific
factors related to asthma that are responsible for the increased
lower-airway effects of RV infection have yet to be determined.
Are antiviral immune responses impaired in the presence of
atopy or asthma? Alternatively, are the more severe clinical
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manifestations of RV infections in asthma a result of the dif-
ferent types of cells or, perhaps, the heightened activation state
of the cells in the asthmatic airway? With the answers to these
questions will come a better appreciation of how airway in-
flammation is regulated in asthma and how best to treat this
process when it is augmented by viral infection.
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